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To gain insight into the molecular mechanism of RNA editing, we have characterized the low psii accumulation66 (Ipa66)
Arabidopsis (Arabidopsis thaliana) mutant, which displays a high chlorophyll fluorescence phenotype. Its perturbed chlorophyll
fluorescence is reflected in reduced levels of photosystem II (PSII) proteins. In vivo protein labeling showed that synthesis rates
of the PSII reaction center protein D1/D2 were lower, and turnover rates of PSII core proteins higher, than in wild-type
counterparts. The assembly of newly synthesized proteins into PSII occurs in the Ipa66 mutant but with reduced efficiency
compared with the wild type. LPA66 encodes a chloroplast protein of the pentatricopeptide repeat family. In Ipa66 mutants,
editing of psbF that converts serine to phenylalanine is specifically impaired. Thus, LPA66 is specifically required for editing
the psbF transcripts in Arabidopsis, and the amino acid alternation due to lack of editing strongly affects the efficiency of the

assembly of PSII complexes.

PSll is a large pigment-protein complex found in the
membranes of chloroplasts, containing more than 20
subunits, which catalyzes light-driven water oxidation
and the reduction of plastoquinone concomitant with
oxygen evolution. Some PSII proteins are encoded by
the nuclear genome and others by the chloroplast
genome in higher plants (Wollman et al., 1999; Nelson
and Yocum, 2006). Thus, coordinated regulation of
nuclear and chloroplast gene expression is essential
for the biogenesis and assembly of photosynthetically
competent protein complexes (Goldschmidt-Clermont,
1998). Chloroplast gene expression is regulated mainly
at posttranscriptional levels by various mechanisms
(Deng and Gruissem, 1987), and a number of nucleus-
encoded factors have been shown to be involved in
RNA splicing, processing, editing, degradation, and
translation in plants (Barkan and Goldschmidt-
Clermont, 2000; Zerges, 2000; Choquet and Wollman,
2002; Manuell et al., 2004; Marin-Navarro et al., 2007).
Among them, a PPR superfamily has received much
attention recently, because of its members’ involve-
ment in posttranscriptional regulation of gene expres-
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sion in plastids (Shikanai, 2006; Andrés et al., 2007;
Delannoy et al., 2007). In Chlamydomonas reinhardtii,
MCA1, the only PPR protein from this organism
characterized to date, is involved in the regulation of
petA gene expression by interacting with the first
21 nucleotides of the 5’ untranslated region of its
transcripts, thereby protecting them from 5’ —3’ deg-
radation (Loiselay et al., 2008). In Arabidopsis (Arabi-
dopsis thaliana), numerous PPR proteins have been
shown to play various roles, including the following.
CRR2 and HCF152 have been shown to be involved in
cleavage and splicing of their specific mRNA targets,
respectively (Hashimoto et al., 2003; Meierhoff et al.,
2003; Nakamura et al., 2003). PGR3 is involved in the
stabilization of petL RNA operons and the translation
of petL (Yamazaki et al., 2004). CRR4, CRR21, CRR22,
CRR28, CLB19, YS1, and RARE1 have been shown to
be specifically required for editing their corresponding
RNA targets (Kotera et al., 2005; Okuda et al., 2006,
2007, 2009; Chateigner-Boutin et al., 2008; Robbins
et al., 2009; Zhou et al., 2009). In addition, DG1 and
pTAC2 have been shown to be involved in the regu-
lation of plastid-encoded RNA polymerase-dependent
transcript accumulation (Pfalz et al., 2005; Chi et al.,
2008). PPRs have also been found to regulate plastid
gene expression in other organisms, such as ZmCRP1,
ZmPPR2, ZmPPR4, and ZmPPR5 in maize (Zea mays;
Fisk et al., 1999; Williams and Barkan, 2003; Schmitz-
Linneweber et al., 2006; Beick et al., 2008), OsPPR1 in
rice (Oryza sativa; Gothandam et al., 2005), and
PPR531-11 in the moss Physcomitrella patens (Hattori
et al., 2007).

PPR proteins, which constitute one of the largest
families of proteins in plants, are defined by the
tandem array of PPR motifs with a highly degenerate

1260 Plant Physiology®, July 2009, Vol. 150, pp. 1260-1271, www.plantphysiol.org © 2009 American Society of Plant Biologists



unit consisting of 35 amino acids (Lurin et al., 2004).
There are about 100 members of the family in P. patens
and over 450 members in both Arabidopsis and rice
(Lurin et al., 2004; Merchant et al., 2007; O"Toole et al.,
2008). The plant PPR protein family can be divided
into two subfamilies on the basis of their motif content
and organization, the P subfamily and combinatorial
and modular proteins (PCMP) subfamilies (Lurin
et al., 2004; Rivals et al., 2006). In proteins of the P
subfamily, such as HCF152 and PGR3 in Arabidopsis,
the 35 amino acid repeats are organized as tandem
repeats. Members of the PCMP subfamily (also re-
ferred to as the PLS subfamily) contain PPR-like motifs
with either short (PPR-like S) or longer (PPR-like L)
repeats. This subfamily is specific to land plants and is
subdivided into three subgroups according to their
C-terminal contents: PLS, E, and DYW proteins (Lurin
et al., 2004; Rivals et al., 2006). In Arabidopsis, the
PCMP subfamily contains about 200 members, includ-
ing the recently characterized CRR4, CRR21, CRR22,
CRR28, CLB19, YS1, MEF1, and RARE1 (Kotera et al.,
2005; Okuda et al., 2007, 2009; Chateigner-Boutin et al.,
2008; Robbins et al., 2009; Zehrmann et al., 2009; Zhou
et al., 2009). CRR4, CRR21, and CLB19 belong to the E
subgroup and share a common E domain required for
editing the target site, but not for target specificity,
which suggests that physical recruitment of the editing
machinery may involve non-PPR domains (Okuda
et al., 2007). The other five members belong to the
DYW subgroup, which additionally contains the DYW
domain besides the E domain.

RNA editing is a posttranscriptional process that, in
plants, alters specific C nucleotides to U (Maier et al.,
1996; Brennicke et al., 1999; Bock, 2000; Shikanai, 2006)
or occasionally U to C in bryophytes and ferns (Kugita
et al., 2003; Wolf et al., 2004). Such processes have been
observed in both plastids and mitochondria of the land
plants examined except the Marchantiidea, but not in
any of the investigated algae and cyanobacteria
(Schmitz-Linneweber et al., 2004). Usually, RNA edit-
ing results in the modification of the encoded amino
acid sequences (Bock et al., 1994; Sasaki et al., 2001;
Okuda et al., 2007; Chateigner-Boutin et al., 2008) or
the generation of either a translational start codon
(Hoch et al., 1991; Kotera et al., 2005) or stop codon
(Wintz and Hanson, 1991). There are about 20 to 50
known editing sites in plastid transcripts and more
than 400 known sites in mitochondrial transcripts in
the angiosperms that have been studied (Giege and
Brennicke, 1999; Handa, 2003; Sugiura, 2008). In some
ferns, there may be hundreds of editing sites in plastid
transcripts (Wolf et al.,, 2004), while in the moss
Physcomitrella, there are probably less than 10 sites in
mitochondrial transcripts (Terasawa et al., 2007). In
total, 34 editing sites have been identified to date
in Arabidopsis chloroplast transcripts (Chateigner-
Boutin and Small, 2007), almost half of which are in
subunits of NDH transcripts ndhB, ndhF, ndhD, and
ndhG, while there are only three known sites in the
transcripts encoding the PSII proteins psbE, psbF, and

Plant Physiol. Vol. 150, 2009

Function of LPA66 in psbF Editing

psbZ (Chateigner-Boutin and Small, 2007). Several
mutants deficient in specific RNA editing sites in
plastid transcripts have been identified, and the genes
responsible for them have been characterized (Bock
et al., 1994; Kotera et al., 2005; Okuda et al., 2007, 2009;
Chateigner-Boutin et al., 2008; Zhou et al., 2009). Here,
we report the identification of a high chlorophyll
fluorescence Arabidopsis mutant, low psii accumulation66
(Ipa66), with reduced levels of PSII. We present evi-
dence that LPA66 is specifically involved in editing
psbF and that the amino acid alteration due to lack of
editing is responsible for the perturbation of efficient
assembly of PSII complexes in the mutant.

RESULTS
PSII Activity Was Impaired in the Ipa66-1 Mutant

The Ipa66-1 mutant was isolated by screening for
mutants from the Scheible and Somerville T-DNA
Arabidopsis lines (Weigel et al., 2000) with a high
chlorophyll fluorescence phenotype (Meurer et al.,
1996; Peng et al., 2006; Ma et al., 2007). The mutant
plants showed reduced growth, and the leaves ap-
peared pale green under optimal growth conditions
(Supplemental Fig. S1). The ratio of variable fluores-
cence to maximum fluorescence (F,/F,,), reflecting the
maximum potential capacity of the photochemical
reactions of PSII (Krause and Weis, 1991), was signif-
icantly lower in the mutant (0.40 *+ 0.02) than in wild-
type plants (0.83 + 0.02; Fig. 1A), indicating that PSII
functions were perturbed in the mutant. However,
P700 could be oxidized in the mutant plants (Fig. 1B),
suggesting that PSI was functional, as reportedly
observed in both Ipal and Ipa2 mutants (Peng et al.,
2006; Ma et al., 2007).

Molecular Cloning of the LPA66 Gene

Genetic analysis showed that the Ipa66-1 mutation
was recessive and that the /pa66-1 mutant phenotype
did not cosegregate with the phosphinothricin resis-
tance marker, indicating that the mutated LPA66 gene
is not tagged by the T-DNA (data not shown). Map-
based cloning of the Ipa66-1 mutant based on simple
sequence length polymorphism molecular markers
revealed a nucleotide substitution in the gene At5¢48910
(Fig. 2A), which led to an amino acid change of Gly to
Arg (Fig. 2B). Reverse transcription (RT)-PCR analysis
showed that the abundance of At5g48910 transcripts in
the Ipa66-1 mutant was comparable to that in wild-
type plants (Fig. 2C). An independent T-DNA inser-
tion line carrying a T-DNA insertion at nucleotide
position 1,110 bp of the At5¢48910 gene relative to the
ATG codon from the Arabidopsis Biological Resource
Center (ABRC) was designated Ipa66-2. The pheno-
type of Ipa66-2 mutants was pale green and indistin-
guishable from that of Ipa66-1 (Supplemental Fig. S1).
No expression of At5¢48910 in the Ipa66-2 mutant was
detected by RT-PCR analysis (Fig. 2C), indicating that
it is a null mutant. Therefore, attention was mainly
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Figure 1. Spectroscopic analysis of wild-type (WT), Ipa66-1 and Ipa66-2
mutant, and Ipa66-1 complemented transgenic plants. A, Chlorophyll
fluorescence induction. F,,, Maximum fluorescence yield; F,, mini-
mum fluorescence yield when PSII centers are open; SL, saturating
light. The ratios of variable to maximum fluorescence, reflecting the
maximum potential of PSIl photochemical reactions, were calculated
from F/F,, = (F, — F)/F,. B, Redox kinetics of P700. The oxidation
state of P700 was investigated by measuring absorbance changes of
P700 at 820 nm induced by far-red light (FR; 720 nm).

focused in the analyses reported here on the Ipa66-1
mutant, and the discussed results apply solely to this
mutant, unless otherwise specified.

To confirm that the phenotype of the Ipa66 mutant
was due to the mutation in At5¢48910, a complemen-
tation experiment was carried out using wild-type
genomic At5g48910 DNA. Eight successfully comple-
mented transgenic plants had similar growth rates and
chlorophyll fluorescence induction kinetics (Fig. 1;
Supplemental Fig. S1). Thus, the inactivation of the
At5g¢48910 gene is responsible for the Ipa66 mutant
phenotype.

LPA66 Encodes a Chloroplast PPR Protein with an E
Motif and a DYW Domain

The LPA66 (At5g48910) gene is not disrupted by any
introns and encodes a protein of 646 amino acids. The
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N-terminal 53 amino acids are predicted to be a
chloroplast transit peptide by the programs TargetP
1.1 and ChloroP 1.1 (Fig. 3A). To determine the sub-
cellular localization of the LPA66 protein, a fragment
of the 257 N-terminal amino acids of LPA66 was fused
to the N terminus of the synthetic GFP (sGFP) with a
S65T mutation. The LPA66-GFP fusion proteins were
transiently expressed in protoplasts under the control
of the cauliflower mosaic virus 35S promoter, and GFP
fluorescence was found to be exclusively colocalized
with the chloroplastic chlorophyll, in accordance with
results obtained when the GFP was fused to the transit
peptide of the small subunit of ribulose bisphosphate
carboxylase (Lee et al., 2002b). When GFP was fused to
the targeting signals of the fibrillarin and FRO1 pro-
teins from Arabidopsis (Pih et al., 2000; Lee et al.,
2002a), GFP signals were found to be located specif-
ically in the nucleus and mitochondria, respectively
(Fig. 3B). Thus, these results indicate that LPA66 is
localized to the chloroplast.

BLAST searches revealed that LPA66 is a member of
the PPR protein family. It contains 11 PPR and PPR-
like motifs followed by an E motif and a DYW domain
in its C terminus (Figs. 2B and 3A). Thus, according to
the classification of PPR proteins (Lurin et al., 2004;
Rivals et al., 2006), LPA66 is a DYW protein of the PLS
(PCMP) subfamily. Genomic database searches and
protein sequence alignments revealed that it shares
significant sequence identity with an unknown protein
in grapevine (Vitis vinifera; 66% identity, 81% similar-

A
WT(1243G)>pat6-1(1243A)

ATG 1110] | TGA
- |

1 1941

LB E— 4 )
Ipa66-2

B

N-terminal WT(415G)>Ipat66-1(415R) C-terminal

cTP
B S S
1 4+ 646

Ipa66-2 (insertion)

C WT Ipa66-1 Ipa66-2
LPAG6

Figure 2. Identification of the [pa66 mutation. A, Schematic diagram of
the LPA66 gene. The box (1-1,941bp) represents the coding region of
LPA66 from ATG to TGA without introns. The Ipa66-1 and Ipa66-2
mutations are indicated. LB and RB represent the left and right borders,
respectively, of the inserted T-DNA in the [pa66-2 line. The diagram is
not drawn to scale. B, Predicted motif structure of LPA66. The desig-
nations of the P, L, L2, S, C-terminal E motif, and DYW domain
correspond to those proposed by Lurin et al. (2004). cTP indicates the
plastid transit peptide. The start and end positions of LPA66 are
indicated as 1 and 646, respectively. C, RT-PCR analysis of mutant
plants. RT-PCR was performed with specific primers for LPA66 and
actin genes. WT, Wild type.

Plant Physiol. Vol. 150, 2009



Arabidopsis 1§ oRL g sEEERIIJAS SPAS H I Elob{HAVSY T KEfel0 R DRV LAAAE GFP
Vitis vinifera 1 &&--SEINT------ STTSLWPERIFLN-- -~ 0 QMESITARTINPIRREN]

2

Function of LPA66 in psbF Editing

+ B

Chlorophyll ~ Merged

Arabidopsis 61 IERCATENTEIIEH o oREIEHRE 1 B PRI ERTIAL IR TL Y IEIMS - Nuc-GFP
Vitis vinifera 49 LAXISIVER- -[RIYESE) RSJHRP b7 LedT bR A LIFRIN D - - P CDLL Vi T UVE

Arabidopsis 121 REFIEIR IR EXEA KT K I oK FISILTYEr G

Vitis vinifera 105 ECSUSRNCIREAIr (XSG RA ERL RIFEREVEIGRIVICFIST D
3

Arabidopsis 181 [RR KNI IEKDMVVMTER-EKREEE IR MEL B0 c K ARMAER KT RPEI3Y

Vitis vinifera 165 B RRVFVDGCDGI 4D PV LWN VM I DG T\ RHGIARAYA REL FDRMIZO RSV

6

5

Arabidopsis 240 pM IEIG Y BNGIIF KA VE VFREMI e P NY VT LV S VL P ARS RLGHL EL G}
Vitis vinifera 225 FOEGHFKINAVE VFREMSWNARZIP NY VTLVSVLPAINS RLGILEL G}
7
Arabidopsis 300 REDSGHRIFETITFSEEIEs| 1 i$IVFE RERRYT FRVIETEQ
Vﬂﬂldnykn1235 23 [ DDVLGSALIDMY| S [QVFE K T S
9
%
LM VS VIEGLEPRIEHY GCMVD)
b F I M VIAVEIGLEPRIEHY GCMVD

8

Arabidopsis 360 IFcEcxIRoNERTEN WACSH EFERIR
Vitis vim'fera 345 L}JH}YEDE REXeQyM)fPollT| EJACSH] N

Arabidopsis a20 FEEsEEAD T LNMP IKPDDVIWKALLGAC]
IR 2 L .o R L LBE e el 1 LuMP IKPDDVIWKALLGAC
mot

IVRMY FTIK
s| (VRM Y} C o

LPA66-GFP

11

GNVEMGKRVALRBMLMIS.AYP HD SGE
DIGNVEMGKRVARLILMIAHAP HD S G
T

Arabidopsis ¢80 ENENERMESERES Efjs EMEIRR! FRKDP GC Sl Ih3
Vitis vinifera 465 ERESEITEEEILERIUE GUAK ; RKDP GCS[ 1588

HEF\YVEDDS HP KEVKI
MMHEFI®VEDDS HP KEK)

Arabidopsis sao 18D G YRPJS LE BAYLETHSEKTARWAFGLIS TE/P[SuPRIR T
Vitis vinifera 525 HEUS0LMIRNATIVEREYS TEMD) L YHSEKIAMAFGLIS TSPefuPldR T

DYW domain

Arabidopsis 600 KNLRICEDCHSSIKLISKGSCSCMD!H
Vitis vinifera 585

PUKNLRICEDCHSSIKLISKMYKRKIMVRDRKRFHHFBIGSCSCMDYW

Figure 3. LPAG66 sequence alignment and subcellular localization. A, Amino acid alignment of LPA66 (At5g48910). The amino
acid sequence of At5g48910 was compared with the homologous sequence from grapevine (LOC100261359). The predicted
cleavage site for the plastid transit peptide is indicated by an arrow. PPR motifs are numbered. The orange line beneath the
sequences indicates the E motif. The DYW domain is purple underlined, and the mutated amino acid in Ipa66 is marked by the
red asterisk. B, Subcellular localization of the LPA66 protein according to fluorescence signals visualized using confocal laser
scanning microscopy. The indicated fusion proteins with sGFP were transiently expressed in protoplasts under the control of the
cauliflower mosaic virus 35S promoter, and the green GFP signals were obtained by confocal microscopy (A, D, G, and )). The
chloroplasts were visualized by chlorophyll autofluorescence (B, E, H, and K). The colocalization of GFP and chloroplasts is
indicated in merged images (C, F, I, and L). The constructs used for transformation are indicated to the right: Nuc-GFF, control
with nuclear localization signal of fibrillarin; Mit-GFP, control with mitochondrial localization signal of FRO1; Chl-GFP, control
with the transit peptide of the ribulose bisphosphate carboxylase small subunit; LPA66-GFP, signals from the LPA66-GFP fusion

protein.

ity; Fig. 3A). However, our efforts to identify potential
LPA66 orthologs in P. patens, spinach (Spinacia olera-
cea), tobacco (Nicotiana tabacum), rice, wheat (Triticum
aestivum), and maize, based on BLAST search of ge-
nome or related ESTs, were unsuccessful (data not
shown).

Editing of psbF mRNA Transcripts Is Impaired in Ipa66

To assess the possibility that the defective PSII
function in /pa66 mutants is due to a defect at the
RNA transcript level, we compared the abundance
and patterns of chloroplast mRNA transcripts in the
mutants and wild-type counterparts by RNA gel-blot
hybridization analysis. Our results showed that there
were similar amounts of psbA and psbC transcripts
(encoding D1 and CP43 proteins of PSII, respectively)
in the mutant and wild-type plants (Fig. 4A). In
addition, similar abundance and patterns of PSII tran-
scripts, including psbD/C (encoding D2 and CP43

Plant Physiol. Vol. 150, 2009

proteins, respectively), psbEFL] (encoding the a- and
B-subunits of cytochrome b5, PsbL, and Psb] proteins,
respectively), and psbKI (encoding the PsbK and Psbl
proteins, respectively), were observed in the Ipa66
mutant and wild-type plants (Fig. 4A). There were
also no significant differences in levels of psaA and
petA transcripts (encoding PSI subunit PsaA and cy-
tochrome b,f subunit cytochrome f, respectively) be-
tween the mutant and wild-type plants (Fig. 4A).
Several PPR proteins of the PLS family have been
shown to be involved in RNA editing (Kotera et al.,
2005; Okuda et al., 2007, 2009; Chateigner-Boutin et al.,
2008; Zhou et al., 2009). Therefore, we examined the
possibility that LPA66 has such a role by directly
sequencing RT-PCR products encompassing the 34
editing sites identified to date in Arabidopsis chloro-
plast transcripts, in both mutant and wild-type plants,
using the primers listed in Supplemental Table S1. In
the wild-type plants, nucleotide 77C was edited to 77U
in psbF transcripts, which introduces a conserved Phe
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Nicotiana tabacum 1 e ATGACHWATAGATCGAACCTATCCAATTTTTACAGTHCGHTGGHTG
Vitis vinifera 1 mmmmm e ATGACMATAGATCGAACCTATCCAATTTTTACAGTGCGEITGGHTG
oryza sativa 1 cmmmmmmcmceaeen ATGACMATAGATCGAACCTATCCHATTTT TACAGTGCGKTGGCTG
Zea mays 1 e ATGACMATAGATCGAACCTATCCHATTTT TACAGTGCGLTGGCTG
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Physcomitrella patens [T GCRGT[ECACGGACTAGCTGTACCTACKGTTTTTTT TR T\GGA[ECAATATCAGCAATGCALY
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Nicotiana tabacum [T MGCTGTTCACGGECTAGCTGTACCTACHMGIRTTTTT TT TGGGATCAATATCAGCAATGCAG
vitis vinifera Y MGCTGTTCACGGACTAGCTGTACCTACKGTT TRITTTTTTGGGETCAATATCAGCAATGCAG
oryza sativa [T WGCTGTTCACGGACTAGCTGTACCTACKGTTTTTTTHT TGGGATCAATATCAGCAATGCAG
Zea mays [T MGCTGTTCACGGARTAGCTGTACCEAC[EGTTTTTTT ST TGGGATCAATATCAGCAATGCAG
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Figure 4. RNA transcripts and editing analysis in [pa66 mutants. A, RNA gel blot hybridization with total RNA from leaves of
wild-type (WT) and Ipa66-1 mutant plants. Ten micrograms of total leaf RNA per well from 5-week-old wild-type and Ipa66-1
plants was loaded per well. The probes for the genes psbA, psbB, psbC, psbD, psbEFLJ, psbKl, psaA, and petA are indicated to the
left. rRNA was visualized by staining with ethidium bromide as an equal loading control. B, Analysis of RNA editing of psbF and
psbE transcripts. RT-PCR products containing the psbF and psbE editing sites (asterisks) were directly sequenced. C and D,
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(TTT) instead of Ser (TCT) in the B-subunit of cyto-
chrome by, (Fig. 4B). However, the editing of this
target site in psbF transcripts was blocked in Ipa66
mutant plants, while in the same operon, the other
editing site in psbE transcripts was processed normally
when compared with the wild type (Fig. 4B). The other
32 editing sites, including the remaining PSII site in
psbZ transcripts, were “correctly” edited in the mutant
(i.e. in an identical manner to the editing in wild-type
plants; data not shown).

Reduced Levels of PSII Proteins in Ipa66

To assess the possibility that impairment of the PSII
function might be reflected at the level of chloroplast
proteins, immunoblot analysis was performed with
specific antibodies against the subunits of photosyn-
thetic protein complexes using total protein extraction
prepared from the leaves of mutant and wild-type
plants. The protein contents of the chloroplast-encoded
PSII subunits D1, D2, cytochrome bys9, CP47, and CP43
were found to be reduced to approximately 25% of
wild-type levels. The levels of nucleus-encoded PSII
proteins, the 33-kD protein of the oxygen-evolving
complex, and LHCII were slightly reduced in the
mutants (Fig. 5A). The contents of PSI reaction center
PsaA /B proteins were also slightly reduced compared
with wild-type levels (Fig. 5A), but the levels of
cytochrome f of the cytochrome b,f complex and the
CF1B-subunit of the ATP synthase were slightly in-
creased (Fig. 5A).

In further analyses, the composition of photosyn-
thetic protein complexes in the thylakoid membranes
of mutant and wild-type plants was analyzed by blue-
native (BN)-PAGE electrophoresis (Schagger et al.,
1994; Guo et al., 2005), which resolved six major bands
corresponding to PSII supercomplexes (band I), mono-
meric PSI and dimeric PSII (band II), monomeric PSII
(band III), CP43-free PSII (band IV), trimeric LHCII/
PSII reaction center (band V), and monomeric LHCII
(band VI; Guo et al., 2005). As shown in Figure 5B, the
amounts of chlorophyll-containing protein complexes
(labeled I and II) were reduced in the Ipa66 mutant
compared with that in wild-type plants when thylakoid
membranes containing equal amounts of chlorophyll
were compared. Further analyses of the two-dimensional
SDS-urea-PAGE gels after Coomassie Brilliant Blue
staining showed that the PSII core proteins (D1/D2/
CP47/CP43) in PSII supercomplexes, dimers, and
monomers were significantly reduced in the mutant
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(Fig. 5C). In addition, there was more LHCII accumu-
lated in band V in the mutant than in wild-type plants.

Protein Synthesis Rates of D1 and D2 Were Reduced
in Ipa66

Reduced levels of PSII complexes may be due to
either reduced rates of protein synthesis or increased
degradation of PSII subunits. The possible effect of the
mutation on the protein synthesis capacity of chloro-
plasts, therefore, was investigated by analyzing the
polysome association patterns of psbA and psbD tran-
scripts after Suc gradient fractionation. The results
showed no obvious alterations of polysome associa-
tion between the mutant and wild-type plants (Fig.
6A). The synthesis and degradation of plastid-encoded
thylakoid membrane proteins were further studied in
wild-type and mutant leaves by in vivo pulse-chase
labeling experiments in the presence of cycloheximide,
which inhibits the translation of nucleus-encoded pro-
teins. After a 20-min pulse labeling, the incorporation
of [*°S]Met into PSII proteins D1 and D2 was dramat-
ically reduced, to about 25% of wild-type levels, while
the synthesis rates of other PSII subunits CP43/CP47,
PSI reaction center PsaA/B proteins, and the a- and
B-subunits of the chloroplast ATP synthase (CFla/8)
were comparable to those in their wild-type counter-
parts (Fig. 6B). As shown in Figure 6C, the turnover
rates of core PSII proteins CP47, CP43, D1, and D2
were increased in the /pa66 mutant during the chase
with unlabeled Met after pulse labeling for 20 min.

Assembly of PSII Complexes Was Impaired in Ipa66

In the wild-type plants, PSII assembly is very effi-
cient (Fig. 6D). After a 20-min pulse labeling, most of
the radioactivity detected in PSII components was
incorporated in PSII protein complexes, and no visible
radioactivity was detected in unassembled proteins. In
Ipa66 the PSII protein complexes were clearly labeled;
however, there was a considerable amount of radio-
activity in unassembled proteins after pulse labeling
for 20 min. These results indicate that the assembly of
PSII proteins into PSII complexes was less efficient in
Ipa66 mutants (Fig. 6D).

DISCUSSION

psbF editing changes a genomically encoded Ser
codon into a Phe codon, which is evolutionarily con-

Figure 4. (Continued.)

Alignments of psbF gene sequences (C) and predicted proteins directly translated from genomic sequences (D) from various
organisms. The chloroplast genomic accession numbers are NC_000932 (Arabidopsis thaliana), NC_000911 (Synechocystis
PCC 6803), NC_008289 (Ostreococcus tauri), NC_005353 (Chlamydomonas reinhardtii), NC_005087 (Physcomitrella patens),
NC_002202 (Spinacia oleracea), NC_001879 (Nicotiana tabacum), DQ424856 (Vitis vinifera), NC_001320 (Oryza sativa),
NC_001666 (Zea mays), and NC_002762 (Triticum aestivum). The editing site and its corresponding amino acid residue are
indicated by asterisks (C and D, respectively); the His residue for heme binding is indicated by the red H, and the transmembrane

region is underlined in D.
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Figure 5. Levels of chloroplast proteins. A, Immuno- A
detection of chloroplast proteins. The total protein
extracts (10 ug of proteins) from 5-week-old wild-
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served, in the psbF-encoded protein (B8-subunit of
cytochrome by55) of many photosynthetically active
organisms but not in wild-type tobacco plants, in
which the correct Phe codon is already specified at
the DNA level (Fig. 4, C and D). Previous studies have
shown that replacement of part of the tobacco psbF
gene with the homologous region from spinach results
in the production of unedited psbF transcripts, sug-
gesting that there is a trans-factor for the psbF site in
spinach and presumably many other plants (Bock
et al., 1994). Further analysis showed that psbF editing
could be restored by the presence of the spinach
nucleus through an interspecific protoplast fusion
approach (Bock and Koop, 1997). Thus, it is possible
that this trans-specific factor has been lost in tobacco
due to the lack of selective pressure following loss of
the psbF editing site and that this factor is specific for
psbF editing. In this study, we report the identification
of a PPR protein, LPA66, which is specifically required
for editing psbF transcripts in Arabidopsis.

LPA66 is a DYW-class PPR protein containing single
E and DYW domains. Similar PPR proteins have been
shown to be involved in RNA editing or RNA cleav-
age. CRR4 and CRR21 are specifically involved in
editing sites ndhD-1 and ndhD-2 (Kotera et al., 2005;
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Okuda et al., 2007), YS1 is required for editing of rpoB-1
(Zhou et al., 2009), while CLB19 has been demonstrated
to be required for the editing of two independent
sites in rpoA and clpP transcripts (Chateigner-Boutin
et al., 2008). CRR22 is involved in editing of the sites
ndhB-7, ndhD-5, and rpoB-3, and CRR28 is required for
editing of ndhB-2 and ndhD-3 (Okuda et al., 2009).
RAREL1 is required for editing of accD1 transcripts
(Robbins et al., 2009). MEF1, the first plant mitochon-
drial editing factor, is involved in editing of three
specific sites, rps4-956, nad7-963, and nad2-1160, of
mRNASs (Zehrmann et al., 2009). The E motif has been
suggested to interact with an editing enzyme catalyz-
ing an alteration of C to U, rather than to be the motif
that catalyzes the RNA editing reaction (Okuda et al.,
2007). Comparison of the C-terminal regions of LPA66
and these factors revealed that LPA66, like YSI,
CRR22, CRR 28, MEF1, and RAREI], also contains a
DYW domain (Supplemental Fig. S2). The C-terminal
DYW domain has been proposed to be an essential
(“missing”) catalytic domain for RNA editing activity
(Salone et al., 2007), but there is no direct evidence that
proteins containing DYW domains have such activity;
for example, CRR2 (a PPR protein containing both E
and DYW domains) has been reported to be specifi-
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Figure 6. Polysome association and in vivo labeling of wild-type (WT)
and Ipa66-1 plants. A, Association of psbA and psbD mRNAs with
polysomes. Ten fractions of equal volume were collected from the top
to bottom of 15% to 55% Suc gradients, and equal proportions of the
RNA purified from each fraction were analyzed by gel-blot hybridiza-
tion. rRNAs were detected by ethidium bromide staining. The RNA size
markers are indicated to the left. B, Pulse labeling of thylakoid
membrane proteins. After pulse labeling young Arabidopsis seedlings
in the presence of cycloheximide for 20 min, thylakoid membranes
were isolated, and the proteins were separated by SDS-urea-PAGE and
visualized autoradiographically. C, Pulse and chase labeling of thyla-
koid membrane proteins. After pulse labeling for 20 min followed by
1-, 2-, or 4-h chases with cold Met, thylakoid membranes were isolated,
and the proteins were separated by SDS-urea-PAGE and visualized
autoradiographically. D, BN gel analysis of labeled thylakoid mem-
brane protein complexes after pulse labeling. After a 20-min pulse in
Arabidopsis young seedlings in the presence of cycloheximide, the
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cally involved in RNA cleavage but not RNA editing
(Hashimoto et al., 2003, Okuda and Shikanai, 2008). It
appears that, despite their sequence similarity, the
functions of different DYW family members have
diverged (Okuda et al., 2009).

psbE and psbF belong to the same operon, psbEFL],
and there is only a 123-bp distance between the editing
sites of the transcripts they encode in Arabidopsis.
BLAST searches and sequence analysis detected no
obvious contiguous conserved cis-elements surround-
ing the editing sites in psbE and psbF transcripts (data
not shown), implying that these two sites may be
independently edited. In both Ipa66-1 and Ipa66-2
mutants, only the psbF site is unmodified by RNA
editing, but it was successfully edited in wild-type
plants (Fig. 4B). Accordingly, the 26th amino acid of
the B-subunit of cytochrome b5, is a hydrophilic Ser in
the Ipa66 mutants, while it is a hydrophobic Phe in
wild-type plants. In cyanobacteria and alga, in which
no evidence of RNA editing has been published, the
psbF gene encodes a Phe at the corresponding site (Fig.
4, C and D). However, alignment of the predicted
sequences of proteins directly translated from the
genomes of various higher plant species has shown
that this site encodes a Phe in some species (both
dicotyledonous and monocotyledonous) and a Ser in
others (Fig. 4D). Such distribution of the Phe and Ser
codons implies that this editing site existed before the
divergence of monocots and dicots. Coupled with the
data from tobacco, this suggests a relatively recent loss
of the site and the associated editing factor (LPA66)
from certain lineages (e.g. tobacco). A protein puta-
tively orthologous to LPA66 is encoded by the genome
of grapevine, where a Ser codon is present at the
position corresponding to the psbF editing site. This
would suggest that in grapevine, this codon is also
edited, and that the grapevine protein LOC100261359
is likely to be involved. In contrast, a Phe codon is
already present at the position corresponding to the
psbF editing site in P. patens, rice, and maize (Fig. 4).
Although P. patens, rice, and maize contain many
DYW-class PPR proteins with homology to LPA66
(O’'Toole et al., 2008), BLAST searches revealed that
there are no putative LPA66 orthologs in these species
(data not shown). Thus, LPA66 is likely to be a site-
specific factor for RNA editing of psbF in the higher
plants that require this site to be edited and probably
has no other function, as it appears to have been lost in
those plants that do not require editing of psbF.

It has been previously demonstrated that cyto-
chrome by, is essential for the stable accumulation of
PSII protein complexes. Deletion of the genes encod-
ing the a- and B-subunit, or both, has been shown to
abolish PSII activity completely (Pakrasi et al., 1990;
Morais et al., 1998; Swiatek et al., 2003), and mutants

thylakoid membranes were isolated and solubilized with dodecyl-B-p-
maltoside, then the protein complexes were separated by BN-PAGE
and visualized autoradiographically. Bands corresponding to various
PSII assembly complexes are indicated to the right.
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examined by Pakrasi et al. (1991), in which one of the
heme-ligating His residues was mutated, displayed
inefficient PSII assembly and impaired PSII activity.
Our results show that defective psbF editing results in
reduced growth rates and pale green coloration (Sup-
plemental Fig. S1), phenotypic traits that are associ-
ated with reduced levels of PSII proteins (Fig. 5). These
results are consistent with previous studies on a tobacco
mutant in which the conserved Phe was changed to
Ser (Bock et al., 1994; Bondarava et al., 2003), and sug-
gest that the amino acid substitution caused by the
lack of editing leads to the reduced levels of PSII pro-
teins observed in the mutants.

The detection of similar amounts and patterns of
PSII transcripts (Fig. 4A) in the wild-type and mutant
plants indicates that the reduced levels of PSII proteins
in the latter may be due to posttranscriptional regula-
tion. The decreased synthesis of D1 and D2 proteins in
the mutant may be due to the decreased efficiency of
PSII assembly. In Chlamydomonas, cytochrome f syn-
thesis has been shown to be regulated by the level of
unassembled cytochrome f in the thylakoid mem-
branes, via interactions with the 5" untranslated region
of petA transcripts (Choquet et al., 1998). A similar
mechanism, which has been termed “control by epis-
tasy of synthesis” (CES), has been found to influence
the biogenesis of photosynthetic protein complexes in
Chlamydomonas (Wostrikoff et al., 2004; Minai et al.,
2005). Recently, evidence has been presented indicat-
ing that the CES mechanism also operates in higher
plant chloroplasts in the regulation of Rubisco large
subunit translation in response to its assembly state
(Wostrikoff and Stern, 2007). The CES mechanism is
crucial for the stoichiometric synthesis and assembly
of photosynthetic protein complexes (Choquet and
Wollman, 2002; Pogson et al., 2008). Similarly, in
Arabidopsis, the presence of unassembled PSII pro-
teins due to the impairment of assembly efficiency in
the Ipa66 mutant could down-regulate the translation
of their corresponding transcripts. It is also interesting
that the accumulation of unassembled D1 also leads to
the increased turnover rates of D1 in the mutant. Since
the accumulation of PSII core protein appears to occur
in a coordinated manner, a lesion in one of the main
integral subunits of PSII will result in a concomitant
decrease of other PSII core proteins (Jensen et al., 1986;
de Vitry et al., 1989; Yu and Vermaas, 1990, 1993). In the
mutant, the stability of other PSII core proteins was
reduced, which may account for the reduced PSII
protein levels.

MATERIALS AND METHODS
Plant Material and Growth Conditions

The Ipa66-1 mutant was screened from a collection of pSKI015 T-DNA-
mutagenized Arabidopsis (Arabidopsis thaliana ecotype Columbia) lines from
the ABRC based on the high chlorophyll fluorescence phenotypes using a
chlorophyll fluorescence imaging system (Ma et al., 2007). The Ipa66-2 mutant
(T-DNA insertion line CS813518) was obtained from the ABRC, and the
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homozygous mutant was verified by PCR using primers LP (5'-GTG-
AAAACGTTTCCGGTCTCGTACC-3') and RP (5'-GATGATATCGGGTTATT-
CGCTGAACGG-3’). The T-DNA insertion was confirmed by PCR and
sequencing with primers LB (5'-GCCTTTTCAGAAATGGATAAATAG-
CCTTGCTTCC-3') and RP. Wild-type and homozygous mutant plants were
grown in soil under short-day conditions (10 h of light/14 h of dark) with a
photon flux density of 120 umol m 2?57 in a growth chamber at 22°C.

Chlorophyll Fluorescence

Chlorophyll fluorescence was measured with a PAM-2000 portable chlo-
rophyll fluorometer (Walz) connected to leaves, which were dark adapted for
30 min before measurements, by a leaf-clip holder (model 2030-B; Walz). The
variables F,, F,, F, and the F /F_ ratio were measured and calculated
basically according to Meurer et al. (1996). For measurement of light-induced
P700 absorbance changes at 820 nm, the PAM chlorophyll fluorometer was
equipped with an ED 800T emitter-detector unit (Walz), and the measure-
ments were performed according to Meurer et al. (1996).

Map-Based Cloning and Complementation

The Ipa66-1 mutation was mapped with a series of simple sequence length
polymorphism markers based on the polymorphisms between two Arabi-
dopsis ecotypes, Columbia and Landsberg erecta (Lukowitz et al., 2000). The
mutant plants (Columbia) were crossed with wild-type Landsberg erecta to
generate F1 plants. The heterozygotes were allowed to self-fertilize to generate
a segregation population. Homozygous F2 mutant plants (Ipa66/Ipa66) were
screened based on the high chlorophyll fluorescence phenotype described
above. Genomic DNA was extracted from about 1,024 mutant plants and
subjected to PCR with specific molecular markers. The mutation was mapped
to a 216-kb region between two bacterial artificial chromosomes (MJE7 and
K19E20) on chromosome 5. Candidate genes with a predicted chloroplast
transit peptide were sequenced and analyzed with genomic DNA from Ipa66
and wild-type plants (Columbia). To confirm the mutation, a complementation
experiment was performed as follows. A fragment containing the full-length
Ipa66 coding sequence was amplified with primers 5'-GTTGAGGATCCAT-
GAACCCAACACAGAC-3' and 5-ATGTCTCGAGTCACCAATAATCCA-
TACACG-3' and subcloned into the pBI121 vector under the control of the
cauliflower mosaic virus 35S promoter. The constructs were then transformed
into Agrobacterium tumefaciens strain C58 and introduced into the Ipa66 mutant
plants by a floral dip method (Clough and Bent, 1998). Transgenic plants were
planted on Murashige and Skoog medium containing 40 ug mL ™! kanamycin
monosulfate. Resistant plants were transferred to soil and grown in a growth
chamber to produce seeds. The success of the complementation was con-
firmed by chlorophyll fluorescence analysis.

Analysis of RNA Editing

Total extracted RNA from leaves of Ipa66 mutant and wild-type plants was
treated with DNase I and then reverse transcribed with random hexamers
(Takara). A series of specific primers (Supplemental Table S1) for the genes
encompassing the editing sites in Arabidopsis (Tillich et al., 2005; Chateigner-
Boutin and Small, 2007; Okuda et al., 2007) were used to amplify these gene
sequences from the cDNA by RT-PCR, and the products were sequenced
directly.

Thylakoid Membrane Preparation

Thylakoid membranes were prepared according to Zhang et al. (1999).
Briefly, the leaves were homogenized on ice in isolation buffer (400 mm Suc, 50
mwm HEPES-KOH, pH 7.8, 10 mm NaCl, and 2 mm MgCl,), and filtered through
two layers of cheesecloth. The resulting filtrates were centrifuged at 5,000 for
10 min at 4°C, and their chlorophyll contents were measured according to
Porra et al. (1989).

BN-PAGE, SDS-PAGE, and Western-Blot Analysis

BN-PAGE was performed using acrylamide gels with linear 6% to 12%
gradients basically according to Peng et al. (2006). For western-blot analysis,
proteins in the thylakoid membranes were separated by SDS-PAGE, trans-
ferred onto nitrocellulose membranes, and probed with specific primary
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antibodies, and signals from secondary conjugated antibodies were detected
by the enhanced chemiluminescence method.

Northern-Blot and Polysome Association Analyses

Total RNA was extracted from fresh leaf tissues using Trizol reagent, and
polysomes were isolated from leaf tissues according to Barkan (1988). RNA in
each fraction was isolated, separated, and transferred onto nylon membranes
(Amersham Pharmacia Biotech), which were probed with **P-labeled probes
prepared according to Peng et al. (2006) and then exposed to x-ray films.

In Vivo Labeling Assays

In vivo protein labeling was performed essentially as described previously
(Meurer et al., 1998). For pulse labeling, primary leaves from 12-d-old plants
were incubated in 1 uCi uL™' [®S]Met in the presence of 20 ug mL™!
cycloheximide for 20 min at 25°C after preincubation with cycloheximide
for 30 min. Pulse labeling was followed by a chase in the presence of 1 mm
unlabeled Met. After labeling, thylakoid membranes were isolated according
to Peng et al. (2006), and the proteins were subjected to SDS-PAGE or BN gel
analysis.

GFP Fusion Constructs for Transient Expression
in Protoplasts

A fragment encoding the N-terminal 1 to 257 amino acids of LPA66 was
amplified by RT-PCR with primers 5'-ACGTCGACATCTTTGTTGATTCT-
CAATG-3" and 5'-CCATGGAATCTTTGAAAAACCCGTTCAG-3' and sub-
cloned into the pUC18-35s-sGFP vector to generate a fusion protein with the
GFP as a reporter in the C terminus. In addition, the N-terminal part (1-282
amino acids) of AtFbrl, the transit peptide (1-81 amino acids) of the small
subunit of ribulose bisphosphate carboxylase, and the entire coding region of
FRO1 except the termination codon were amplified (using primer pairs
5'-ACAACTCGAGATGAGACCCCCAGTTACAGG-3’ and 5'-TCCATGGT-
CACCTGTTCTGCTGGCTTAAAC-3’, 5'-CACGTCGACAAACCTCAGTCA-
CACAAAGAG-3’ and 5'-TCCATGGATTCGGAATCGGTAAGGTCAGG-3’,
and 5'-AATGTCGACGATTTCTCTAATTGACGATGG-3' and 5'-GTCCATG-
GAGTTTTCTGGTTGAGGATTGC-3’, respectively) and subcloned into the
same vector as nuclear, chloroplast, and mitochondria controls, respectively.

Sequence data from this article can be found in the GenBank/EMBL data
libraries under accession numbers LPA66 (At5g48910; NP_199702) and Vitis
protein LOC100261359 (XP_002268530).

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure S1. Photograph showing the phenotypes of 5-week-
old wild-type, Ipa66-1, Ipa66-2, and Ipa66-1 mutant complemented with
LPA66 cDNA plants.

Supplemental Figure S2. Comparison of the predicted E motif of LPA66
with the corresponding regions of CLB19, CRR2, CRR4, CRR21, CRR22,
CRR28, YS1, MEF1, and RARE1.

Supplemental Table S1. Primers used for analyzing RNA editing in
Arabidopsis chloroplasts.
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